Introduction
The injection and atomization of liquid fuels is important to many combustion devices, including gas turbines and internal combustion engines. Fuel droplet size, fuel spray spatial distribution, and fuel/air mixing are all critical performance metrics for the injection systems that directly affect combustion performance.
One common method of fuel atomization involves creating a thin film of fuel along a solid surface, and then subjecting that film to shear from high-velocity air flows. This process occurs in various types of internal combustion engines in which fuel can impinge on the walls of the combustion chamber. Because of stringent emissions regulations, it is important to avoid the formation of unburned hydrocarbons, particularly in cold start conditions. For this reason, various researchers have studied film and droplet formation from the impingement of a spray onto a film in the absence of a crossflow of air ͓1͔, as well as in the presence of crossflow ͓2,3͔.
Of interest here are the film formation and break-up processes that can be found in "air-blast" atomizers. One implementation of this atomization method consists of an array of plain orifices from which liquid jets impinge on an opposing filmer wall while being subjected to a crossflowing air stream ͓4,5͔. The formation and spreading of a thin, uniform film are of considerable interest to fuel injector designers, as this determines both the spatial distribution of the fuel ͓4͔ and the primary droplet size ͓6͔ in the combustion device.
The concept of jet filming in the presence of a high-velocity crossflow is depicted in Fig. 1 to illustrate the various phenomena that are assumed to occur in the atomization process. Current computational and modeling techniques have limited capability to resolve these processes for engineering-scale devices. There is also a strong need in this area for both diagnostic and modelvalidation data.
The Atomist Model
The approach used in this study is based on the time-dependent description of the liquid phase as well as on local atomization submodels that operate directly on the jet and film surfaces. Specifically, the Atomization Model Interfaced With Surface Tracking ͑AtoMIST͒, designed for the high-shear conditions found in certain injection devices of combustors or afterburners. In contrast to its predecessor the "blob model," where unrealistically large parcels of liquid fuel are released directly from the injection orifice ͓7-9͔, AtoMIST explicitly describes the evolution of the interface between the liquid and the gas phase. Because of this, the effects of gas shear flow on the liquid, the blockage effect of the liquid jet on the gas stream, the inertia of the jet column in responding to injection perturbations, and the combined effect of these factors on fuel spray transport are all captured to first order ͓10͔. At the same time, the interface is sufficiently coarse to make the computational overhead added by the AtoMIST only a fraction of the typical cost of a full combustor simulation.
For many industrial applications, it is computationally prohibitive to describe the atomization process in terms of individual ligament pinching and droplet formation ͑but consider, for instance, Ref. ͓11͔͒. The uniqueness of the proposed approach is to explicitly calculate only large-scale features ͑i.e., comparable to the orifice diameter͒ of the liquid surface and to inject drops following the prescriptions of "subgrid" atomization models. These models are active in different zones of the injector ͑see Fig. 1͒ and their outline is presented next.
It is assumed that a coarse representation of the interface is available to provide the liquid volume fraction. Immediately after drop formation, the AtoMIST uses traditional Lagrangian description of a parcel as a collection of same-diameter drops that move at a common velocity. Before atomization, the single-fluid approach is adopted to describe the continuous phase. Specifically, properties such as density and viscosity depend on the cellaveraged value of the liquid volume fraction 0 Յ ␣ Յ 1. The zero value of ␣ ͑in fact, any value below a finite but small threshold͒ corresponds to the gas phase.
The main simplification of AtoMIST consists in transforming liquid elements of the jet or film surface into Lagrangian parcels ͑by atomization͒ and vice versa ͑by impingement͒ directly at the tracked liquid surface. This transformation is based on phenomenological or empirical prescriptions that depend on local flow characteristics. It is realized via mass and momentum transfers in the multiphase Navier-Stokes equations
For instance, if a drop impinges on a wall or on a pre-existing film, its mass m p appears in the source term
The subscript p denotes parcel quantities, V is the volume of the computational cell where impingement occurs, and ⌬t is the time step. Conversely, if a drop forms by atomization, a sink term is defined. The momentum that is lost or gained by the parcel becomes a force in the momentum equation
This averaged force is distributed over the time period ⌬t. Thus, it is by adding source terms to the governing equations that the mass and momentum are conserved during the transformation from the dispersed to the continuous representation ͑or vice versa͒. A source term can similarly be added to the energy equation. The formation of a drop or its impingement typically affects more than one cell. A search algorithm is in place to identify all the N p closest cells until the target parcel mass m p is reached
In each of the neighboring N p cells, the sink/source term is then set accordingly. In the case of drop formation, by running a sum over the tagged cells, the drop velocity is assigned as
and the point of injection is the center of mass of the tagged cells weighted by volume fraction. With reference to the configuration of Fig. 1 , the process of film formation and breakup can be described in a sequence of steps starting from the fuel injection at the orifice.
1. Drops shed from the jet surface, and ligaments break up from the top of the liquid column ͑jet in crossflow primary atomization͒. 2. In equilibrating with the crossflow, drops and ligaments can undergo further fragmentation ͑secondary atomization͒. 3. During this process or afterwards, a fraction of the spray is transported by the crossflow to a liquid film patch on the filmer wall or to a dry portion of it. 4. The liquid in the film moves subject to shear from the gas phase. 5. Drops can be shed form the film surface; alternatively, impinging drops can remove liquid from the film by splashing. 6. The liquid reaches the end of the filmer wall, where the competition of surface tension and shear results in the formation of new ligaments and drops ͑film breakup͒.
Steps 2 and 4 concern a standard implementation of the discrete and continuous phase discretization and are described in the Sec. 4. Primary breakup in step 1 is original to this and previous work by the authors ͓12͔. It results from the competition of three distinct submodels-turbulent primary breakup, surface stripping, and column breakup. Surface stripping also participates in step 5. Specific models for impingement and splashing ͑step 3͒ and for film breakup ͑step 6͒ are presented for the first time in this paper.
Shear Stripping.
The stripping model is based on the analogy to the droplet secondary breakup in the shear breakup regime, where droplets are stripped at the periphery of the parent drop from the boundary layer that forms along the windward liquid surface. The diameter of the drop formed by pinching the boundary layer is
where t ␦ is the time a surface liquid element is exposed to shear, L is the kinematic viscosity of the liquid, and C ␦ is a model constant. The time t ␦ needs to be tracked and updated for all computational cells on the liquid surface. Based on laminar boundary layer theory, C ␦ = 3.36. The assumptions that drop sizes after breakup are comparable to the thickness of the liquid boundary layer, and that the boundary layer in the liquid phase is laminar, can be traced to the description of aerodynamic effects on secondary breakup by Wu et al. ͓13͔.
We introduce the condition that allows the liquid boundary layer to be stripped off in the form
͑8͒
The vectors U G and U L need to be averaged over the neighbors of the insertion cell in the gas and liquid phase, respectively. Equation ͑8͒ compares the "suction" exerted at the interface over an average surface curvature , on the right-end side of the equation, to the force per unit area that is needed to create a drop of diameter d p The constant C accounts for the nonideality of this process and is set to 2.0. Curvature is calculated from the gradient of the liquid volume fraction of the neighboring cells
As in all the following models, the parcel diameter and its mass are independent. In fact, the parcel mass can be interpreted as a flux over a surface area for a time step. In the current implementation, we suggest
2.2 Turbulent Primary Breakup. This model assumes the occurrence of random jetting from the unsteady column surface. This description is based on experimental observations of a fully
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Transactions of the ASME turbulent liquid jet in the gas Weber number range from 0 to 280 ͓14͔, which suggest the prevalence of ligament tip breakup with drop-to-ligament diameter ratio close to 1.9-the value expected from Rayleigh-Plateau instability ͓15͔.
The onset of breakup occurs in a configuration where a surface turbulent eddy of characteristic size ᐉ i is jetting out at velocity v ᐉ i ; the ligament then grows to the breakup length in the Rayleigh breakup time t R . In the AtoMIST implementation, every surface fluid element is attributed a finite probability that the surface element will start jetting at a time t Ri . Thus, by taking d p ϳ ᐉ i and t R ϳ t − t Ri , the parcel diameter for the element at a later time t is estimated as
͑11͒
The parcel forms under the condition that the kinetic energy of the ligament is greater than the surface energy required to form a drop
The eddy size ᐉ i is assumed to fall within the inertial range so that
where ⌳ is the cross-stream integral length scale of the flow at the orifice. According to the flow measurements of a fully developed turbulent pipe, ⌳ ϳ d 0 / 8. The fluctuation vЈ can be estimated from an assumed turbulent intensity I L and the local velocity. If condition Eq. ͑12͒ is satisfied, then the parcel diameter is
with mass
In the current implementation, the turbulence intensity of the liquid phase is a constant ͑typically, I L = 0.03͒ and C t is set to 1.
Column Breakup.
This submodel predicts the instantaneous location of column breakup and creates one or more parcels whose size depends on the remaining mass of the liquid column downstream of the breakup point. This approach assumes that breakup is initiated by wave amplification of the KelvinHelmholtz type. The description of how the time to breakup of the column is estimated can be found in Ref. ͓9͔ . Recent analyses of the unsteady liquid jet in crossflow behavior are reported in Refs. ͓16,17͔.
Film Breakup.
A simple model is adopted where the liquid film is atomized right after the film detaches from the filmer plate. The diameter is taken as proportional to the local thickness h.
This expression can be considered a limit case of prompt atomization ͓6͔ where the ratio by mass of atomizing air to liquid is very large. For the results presented here, C h = 6. It is noted that additional effects, for instance, due to swirling flow, should be incorporated in a more complete film breakup prescription, which requires further study. The thickness h is calculated directly over an area element A h of the filmer wall by evaluating the liquid volume contained in the cylinder normal to it. In the calculations that will be shown next, the edge of the filmer wall is subdivided into six elements, each providing a local value of h, see Fig. 2 . The calculated spray characteristics do not appear to be dependent on the specific number of subdivisions of the filmer edge. Similar to the injection process for jet atomization, the mass of the droplets formed by film breakup is found by collecting the amount of liquid volume fraction in neighboring cells, downstream of the edge element. Since this operation is currently carried out at every iteration, this mass depends on ⌬t times the element velocity. The velocity is calculated according to Eq. ͑6͒.
2.5 Splashing. The evolution of a thin liquid surface can be expected to be complicated when spray impingement distorts the already uneven film surface. In the frame sequence of Fig. 3͑a͒ a liquid crown can be observed downstream of the impact of a drop on the film. The crown rapidly disintegrates into droplets that cannot be resolved by the optical system of the experiment ͑with 12 m / pixel of resolution͒. A similar picture is shown in Fig.  3͑b͒ from the simulation of drops with distribution between 20 m and 50 m impinging on a film of thickness 100 m. The calculation is carried out as a direct numerical simulation using the RLSG code ͓18͔.
The scenario above is sufficiently similar to the one described in the experiment by Samenfink et al. ͓19͔ , where droplets of 100 m were injected in a 30 m/s airflow with incidence angle between 25 deg and 90 deg toward a 50-120 m film. AtoM-IST's splashing model is based on Samenfink's empirical correla- tions, which include a criterion for splashing and the distribution of particle size, mass, and velocity ͑both magnitude and direction͒ 
Experimental Facility and Conditions
The experimental facility is described in Ref. ͓20͔ . A sketch of the test section and liquid injection nozzle is shown in Fig. 4 . The test section and containment vessel are fabricated out of 6.35 mm thick high-clarity polycarbonate. Air is delivered from a large, centralized compressor and passed through oil removal and particulate filters. A rotameter with needle valve is used to set the air flow rate; the rotameter readings are calibrated to the desired mean velocities in the test section. After the rotameter, the air passes through a 50.8 mm flexible hose, a series of screens, and finally, a polyvinyl chloride molded nozzle, which transitions from the hose to the rectangular test section.
The primary flow channel, 10 mm tall by 44.5 mm wide, is separated by a thin wall from a second small air channel. The secondary channel is not used in this initial study to enable optical access of the filmer wall, see Fig. 5 . The nozzle is fabricated from an aluminum rod to the dimensions of 0.5 mm in diameter, 1 mm in length, and total inlet orifice chamfer of 90 deg. The nozzle is installed flush with the upper wall of the primary flow channel.
Mineral spirits are chosen as a model fluid of the fuels that might be used in practical applications. The liquid has density L = 780 kg/ m 3 , dynamic viscosity L = 0.00085 kg/ m s and surface tension = 0.024 N / m ͓21͔. A variable-speed gear pump is used to draw mineral spirits from a reservoir and to pump the liquid through a Coriolis flow meter and the liquid jet orifice. The mixture of air and mineral spirits exits the containment box into a large gravity/centrifugal separator that captures approximately 80% of the mineral spirits injected. The air/vapor mixture is then exhausted via a laboratory exhaust system. The film thickness is measured with the optical method described by Shedd and Newell ͓22͔ and applied to impinging sprays by Mathews et al. ͓1͔ . The concept is shown in Fig. 6 . Light, in this case from a small solid state laser, strikes a diffusing coating on the bottom of the filming plate. For this application, the diffusing coating is formed by a thin adhesive tape with a very uniformly distributed white pigment ͑Academix brand͒. The diffuse light enters the transparent plate and a percentage is reflected back to the diffusing coating on the underside of the plate, creating a "ring" of light surrounding the central, bright spot. When a liquid layer exists on the plate, the light enters the liquid and reflects from the liquid/air interface, causing the diameter of the reflected light ring to increase. The difference in the diameters of these two light rings is directly proportional to the liquid film thickness. This measurement system has been independently validated for shear driven thin films and has been used in previous impinging spray studies ͓1,3,23͔.
Spray size and velocity are also measured at the outlet of the test facility using phase Doppler particle analysis. The data are acquired along the midplane, 25.4 mm downstream of the filmer edge and then processed with the FLOWSIZER software package.
Computational Details
The results presented here are obtained with the CFD software FLUENT 6.3 ͓24͔. Additions in the form of user-defined functions constitute the core of the AtoMIST model. Details of the calculation are described next.
Continuous Phase Description.
The advection equation for the liquid volume fraction is formulated in volume of fluid ͑VOF͒ form using the high-resolution interface capturing ͑HRIC͒ technique. HRIC is a flux-advection method similar to the compressive interface capturing scheme for arbitrary meshes ͑CIC-SAM͒ scheme ͓25͔. This method is in turn developed from the "donor-acceptor" concept of blending downwind and upwind differentiation to maintain a sharp interface with bounded ␣. HRIC uses the normalized variable diagram to smoothly switch between high-order interpolation schemes. The HRIC semi-implicit time integration formulation enables the use of a conveniently large time step, of the order of 10 s, in unsteady flow calculations.
The multiphase calculation is carried out with FLUENT's Transactions of the ASME pressure-based solver using the implicit body force treatment to account for the surface tension term. Viscosity is augmented according to the Smagorinsky-Lilly model for eddy-viscosity ͓26͔ to include the effect of turbulence in the liquid and gas phase. The computational grid is a stretched hexahedral mesh of 0.74ϫ 10 6 elements; see Fig. 7 for a cross section along the midplane. The grid stretches in orthogonal directions from the injection region. Two layers of refinement ͑with hanging nodes͒ based on the liquid volume fraction are also added to sufficiently resolve the liquid interface while keeping the grid count low. The choice of grid density is guided by a previous grid convergence study carried out by the authors ͓10,27͔. According to that result, capturing bulk interface features of the jet requires at least ten computational elements per orifice diameter, corresponding to a grid spacing of the order of 100 m. A stretched, boundary layer grid is set at the filmer wall to accommodate the very thin film.
The grid extends spanwise by 15.24 mm, with symmetry boundary conditions on the sides. A gas inlet velocity inflow is assigned 6.34 mm upstream of the orifice, with pressure outflow at 55.37 mm downstream. A second velocity inflow condition is assigned at the liquid inlet. The crossflow is assumed to be fully turbulent, with a velocity profile u ϱ ͑d w / ␦ T ͒ 1/7 for d w Ͻ ␦ T , where d w is the distance from the test section walls and ␦ T the turbulent boundary layer thickness at the inlet. For d w Ն ␦ T , the velocity profile is uniform. The thickness ␦ T is estimated following the relation for a fully developed boundary layer on a plate. The prescribed turbulence intensity and turbulent length scale are 3% and 2.54 mm at the crossflow inlet and 3% and 0.032 mm at the jet inlet. 
Dispersed
The droplet Reynolds number depends on the properties of the gas phase and on the relative velocity between drop and gas u rel . Momentum coupling from the discrete to the continuous phase is included. Droplets secondary breakup in the moderate Weber number regime of interest is modeled by the Taylor analogy breakup ͓29͔. Each droplet trajectory is integrated with an additional stochastic velocity component that mimics turbulent fluctuations in the gas phase, following the standard discrete random walk approach ͓30͔. The fluctuating velocity components are kept constant over a time interval , which depends on the turbulent eddies characteristic lifetime.
Results
The range of injection conditions of the experiments is shown in Fig. 8 . The snapshots there demonstrate the role of jet penetration in forming the film as well as the effect of the filming surface on the atomization process. The volumetric flow of the droplets emerging from the film increases with the amount of liquid directly impinging on the surface, and, even at the lowest momentum-flux ratios, a significant stream of fine droplets is generated from the filming surface. Particularly, as the momentumflux ratio increases to values of 20 and higher, a second distribution of droplets appears from the filming surface due to the liquid film flowing off the surface and breaking up.
From Fig. 8 , two modes of droplet generation can be identified: a fine mist formed by film surface atomization before the liquid reached the edge of the plate; and larger spray drops due to the breakup of the film sheet at the filmer lip. Two simulation results are described here to show that AtoMIST captures the correct trend with increasing jet velocity at the same crossflow velocity of 82 m/s: case 1, with and v jet = 12.7 m / s ͑J = 15, We G = 193͒ and case 2 with v jet =17 m/ s ͑J = 42, We G = 193͒.
Before comparing the simulation results with the experiments, it is worth examining the appearance of the AtoMIST simulation in Fig. 9 . In the snapshot, the jet and the film captured by the VOF Superimposed are the parcels, represented as equal-size sphere and colored by the value of their diameter. The smoothness of the liquid surface and the sharp transition to spherical drops emphasize the approximations that are built into AtoMIST. In this example, most of the jet atomization occurs via column breakup, and a significant fraction of the newly formed ligaments undergoes secondary breakup. The smallest drops equilibrate with the crossflow before hitting the filmer plate and produce the fine mist leaving the test section. The remaining drops impinge on the wall and form a thin film of few tens of microns. A second stream of parcels develops from the filmer edge and exhibits a characteristic size that is essentially independent from the size imposed by the jet atomization. The film thickness along the test section midplane are shown for the two injection velocities in Figs. 10 and 11. In the plots, the film thickness increases steadily and reaches a measured thickness of 90 m and 140 m for case 1 and case 2, respectively. The film is approximately 15 m thicker in case 2 than in case 1. This is due to the increased mass flow rate through the injection orifice and to the related increased jet penetration, allowing fewer drops to escape the impact with the wall for the same crossflow. The increased jet penetration can be detected by the earlier development of the film, which starts 6 mm downstream of the orifice in case 2 ͑Fig. 11͒ compared with 8 mm in case 1 ͑Fig. 10͒.
The velocity and Sauter mean diameter distribution from the PDPA measurements along the midplane and from the simulation results show the same trend in Figs. 12 and 13: increasing velocity and decreasing size with the distance from the filmer. Also, the largest droplet flux is observed just below the filmer plate, where the remainder of the liquid contained in the film is shed from the plate in large ligaments as opposed to small particles. 
Conclusions
A new methodology for time-accurate, physics-based spray generation that can be coupled to unsteady combustor simulations is presented in this paper. By capturing the bulk response of the liquid column as well as the unsteady trajectory of the spray droplets, this technology enables affordable calculations that are less dependent on calibration than CFD state-of-the-art industrial spray models. The new approach for liquid film formation and breakup is a significant progress with respect to standard models based on a constant restitution coefficient for all the impinging parcels. This is shown by the good match with spray measurements from the filming experiment described here. Conceptual challenges still exist in providing a firm basis to the atomization models proposed here. Experimental observation and direct numerical simulation are currently being used for further refinement of AtoMIST.
